ABSTRACT: Targeting the tumor suppressor p53 to the mitochondria triggers a rapid apoptotic response as efficiently as transcription-dependent p53.
■ INTRODUCTION
The tumor suppressor p53 stimulates a wide network of signals involved in DNA repair, cell cycle arrest, senescence, and apoptosis. 7−9 Although most of these effects can be linked to its role as a transcription factor, recent work has clearly demonstrated that p53 can cause apoptosis through its transcription-independent mitochondrial pathway.
3,10 A small but highly reproducible fraction of p53 translocates to the mitochondria at the onset of p53-dependent apoptosis. 10 Translocation of p53 to the mitochondrial outer membrane triggers the release of cytochrome c and activation of procaspase-3. The DNA binding domain of p53 (DBD, residues 239−248) forms inhibitory complexes with antiapoptotic Bcl-XL and Bcl-2 proteins (Figure 1 ), which are located in the mitochondrial outer membrane. 11 This induces oligomerization of Bak and Bax, allowing them to form supramolecular pores. 4, 12, 13 In addition, p53 activates, directly binds to, and induces oligomerization of Bak and Bax. 4, 13, 14 The formation of permeability transition pores causes outer membrane rupture and releases cytochrome c from the intramembranous space into the cytosol triggering apoptosis via the apoptosome (Figure 1) . 15−17 In addition, targeting p53 to the mitochondria triggers apoptosis faster than the transcription-dependent nuclear pathway.
1,2 In most cancer cells, p53 is not able to bind to Bcl-2 proteins due to missense mutations in the DBD of p53, demonstrating the importance of the DBD in mitochondrial apoptosis. 11 The therapeutic effect of pharmaceutical agents such as p53 may differ depending on their intracellular delivery. 18 Precise compartmentalization and subcompartmentalization of proteins are essential for their biological activity. The majority of endogenous mitochondrial p53 localizes to the outer surface of the mitochondria, 19 which occurs after either DNA damage or hypoxic stress. 10 A detailed mechanism on how p53 translocates into the mitochondria is still under investigation since it is a nuclear protein due to its nuclear localization signals. 20 A study has shown that Bad (Bcl-2 antagonist of cell death) physically interacts with cytoplasmic p53 directing it to the surface of the mitochondria. 21, 22 Moll has suggested that p53 is imported via mtHsp70 targeting the membranous compartments. 10 The interaction with mtHsp70 and Hsp60 is increased with the R72P polymorphism in p53 due to elevation in nuclear export of p53. 23 MDM2 protein is responsible for the nuclear exclusion and ubiquitylation of p53. The monoubiquitylated p53 is targeted to the mitochondria under stress, which disrupts the p53/MDM2 complex. 24 Despite what is known, exogenous mitochondrial targeting of p53 is still under investigation. To improve apoptosis via the p53/Bcl-XL pathway, p53 was delivered to different mitochondrial compartments. In this study, p53 was fused to different mitochondrial targeting signals (MTSs) targeting the mitochondrial outer membrane [MTS from Bcl-XL or MTS from the translocase of the outer membrane (TOM 20) ], inner membrane (MTS from cytochrome c oxidase subunit VIII), and matrix (MTS from ornithine transcarbamylase) (Figure 1 ). MTSs (Table 1) are generally thought to form α-helices and are important for their recognition by translocation machineries in the mitochondrial outer (TOM complex) and inner (TIM complex) membranes. 25−28 Since MTSs are mainly found on the amino terminus of mitochondrial proteins, 25 all MTSs used were cloned on the amino terminus except for XL, which is inherently found on the carboxy terminus. 29 XL targets the outer surface of the mitochondria 29−32 while TOM is inserted into the outer membrane; 29 CCO translocates the outer membrane and then becomes imbedded into the inner membrane 33, 34 while the OTC crosses both membranes and translocates to the matrix.
3, 35 The purpose of this work is to determine the ideal MTS for p53 mitochondrial targeting to induce the intrinsic apoptotic pathway.
■ MATERIALS AND METHODS
EGFP-p53 Plasmid (pEGFP-p53). The DNA encoding p53 was amplified through PCR from pCMV-p53 wt (a generous gift from Dr. S. J. Baker, Addgene, Cambridge, MA) using the primers 5′-GCGCGCGCGCTCCGGAGCCATGGAGGAGCCG-CAGT-3′ and 5′-GCGCGCGCGCGGTACCTCAGTCTGAGT-CAGGCCCTTCTGTC-3′. This was subcloned into the BspEI and KpnI restriction enzyme sites in pEGFP-C1 (Clontech, Mountain View, CA).
pOTC-EGFP-p53 Plasmid. An oligonucleotide encoding the mitochondrial targeting signal from OTC (including the Kozak region), 5′-CCGGTCGCCACCATGCTGTTTAATCT-GAGGATCCTGTTAAACAATGCAGCTTTTAGAAATGGT-CACAACTTCATGGTTCGAAATTTTCGGTGTGGA-CAACCACTACAAAATAAAGTGCAGCGA-3′ was annealed to its complementary strand. This was then cloned at the amino terminus of EGFP-p53 at the AgeI site.
pTOM-EGFP-p53 and pCCO-EGFP-p53 Plasmids. The OTC region from pOTC-EGFP-p53 was replaced with annealed oligonucleotides encoding the mitochondrial targeting signal from the TOM20 complex (TOM) at the AgeI site, 5′-GATCCCCGGTCGCCACCATGGTGGGTCGGAA-CAGCGCCATCGCCGCCGGTGTATGCGGGGCCCTTTT-CATTGGGTACTGCATCTACTTCGACCGCAAAAGAC-GAAGTGACCCCAACCGA-3′ and its reverse complement, or with oligonucleotides encoding the mitochondrial targeting signal from the cytochrome c oxidase (CCO) at the AgeI site, 5′-CCGGTCGCCACCATGTCCGTCCTGACGCCGCTGCT-GCTGCGGGGCTTGACAGGCTCGGCCCGGCGGCTCC-CAGTGCCGCGCGCCAAGATCCATTCGTTGA-3′ and its reverse complement.
pEGFP-p53-XL Plasmid. The mitochondrial signal from Bcl-XL was fused to the carboxy terminus of EGFP-p53 using the BamHI restriction site as follows. The XL oligonucleotide 5′-AGAAAGGGCCAGGAGAGATTCAACAGATGGTTCCT-GACCGGCATGACCGTGGCCGGCGTGGTGCTGCTGGG-CAGCCTGTTCAGCAGAAAGTGA-3′ was annealed to its complementary strand (with BamHI sticky ends). The p53 stop codon was then mutated (TGA to TTA) in pEGFP-p53-XL using the primers 5′-GAAGGGCCTGACTCAGACTTAGG-TACCGCGGGCCCGGGAT-3′ and the reverse complement. Figure 1 . The mitochondrial apoptotic pathway of p53. When p53 is targeted to the mitochondria, it interacts with antiapoptotic Bcl-XL, enables Bax and Bak oligomerization, and activates the intrinsic apoptotic pathway. The apoptosome (cytochrome c, APAF-1, and caspase-9) is triggered, leading to apoptosis via activation of caspases-3, -6, and -7. The left side of the diagram indicates the mitochondrial signals (MTSs) used and the different subsections of the mitochondria targeted, including the outer membrane ("XL-MTS" from Bcl-XL; "TOM-MTS" from TOM20), the inner membrane ("CCO-MTS" from cytochrome c oxidase), and the matrix ("OTC-MTS" from ornithine transcarbamylase). 40 PCC evaluates correlation between pairs of individual pixels from EGFP and MitoTracker stained cells. The higher the PCC value, the higher the correlation. For increased visual clarity of mitochondrial localization of the EGFP-fused constructs, spatial representations of pixel intensity correlation have been generated using Colocalization Colormap (ImageJ). 41 Microscopy was repeated in triplicate (n = 3), and 10 cells were analyzed for each construct.
Luciferase Assay. All constructs (3.5 μg of DNA) were cotransfected with 3.5 μg of p53-Luc Cis-Reporter (encoding for firefly luciferase, Agilent) in T47D and MCF-7 cells. To normalize for transfection efficiency, 0.35 μg of pRL-SV40 plasmid (encoding for renilla luciferase, gift from Dr. Philip Moos, University of Utah) was cotransfected. The Dual-Glo Luciferase Assay System (Promega, Madison, WI) was used to determine firefly luciferase activity and renilla luciferase per manufacturer's instructions. Luciferase activity was detected 24 h after transfection using PlateLumino (Stratec Biomedical Systems, Birkenfeld, Germany). Firefly luciferase values were normalized for renilla luciferase. EGFP-p53 served as a positive control and EGFP as a negative control. The Dual-Glo Luciferase Assay was run three times independently, each in triplicate.
Caspase-9 Assay. T47D cells were probed 19 h after transfection using CaspaLux9-M 2 D 2 kit (OncoImmunin, Inc., Gaithersburg, MD) per manufacturer's recommendations. The cells were then suspended in flow cytometry buffer (OncoImmunin, Inc.) and analyzed via the FACSAria-II (BDBioSciences, University of Utah Core Facility) utilizing 488 nm (for EGFP) and 563 nm (for cleaved caspase 9 substrate) lasers. FACSDiva software was used as an evaluation tool. Only EGFP transfected cells at 507 nm emission were analyzed. All constructs were gated at the same EGFP intensity levels to ensure equal expression of proteins. The samples were detected in the PE (phycoerythrin) channel with the 580 nm emission peak. Each construct was assayed three times (n = 3).
TUNEL Assay. T47D cells were prepared 48 h after transfection using In Situ Death Detection Kit, TMR red (Roche, Mannheim, Germany) per the company's protocol. The kit labels the DNA single strand breaks (TUNEL reaction) in apoptotic cells. The FACSAria-II was used to analyze the cells suspended in PBS (Invitrogen). The same FACS settings mentioned above with the caspase-9 assay were used. Only EGFP-positive cells were analyzed for DNA segmentation. Each construct was analyzed three times (n = 3).
Annexin-V Assay. At 48 h post transfection, T47D cells were assayed for annexin-V binding. The cells were suspended in 100 μL of annexin binding buffer (Invitrogen) and incubated with 5 μL of annexin−APC (annexin-V conjugated to allophycocyanin, Invitrogen) for 15 min. The incubated cells were then diluted in 400 μL of annexin binding buffer and analyzed using the FACSCanto-II (BD-BioSciences, University of Utah Core Facility) with FACSDiva software. EGFP was excited at 488 nm wavelength and detected at 507 nm. APC was excited with 635 nm laser and detected at 660 nm. Analysis was based on EGFP positive cells. All constructs were gated at the same EGFP intensity levels. Each construct was tested three times (n = 3).
7-AAD Assay. T47D and MCF-7 cells were stained with 7-aminoactinomycin D (7-AAD, Invitrogen) according to manufacturer's instructions 48 h after transfection. The samples were analyzed using the FACSCanto-II (BD-BioSciences). Analyzed cells were gated for EGFP (as mentioned in Annexin-V Assay). In addition, EGFP and 7-AAD were excited with the 488 nm laser. EGFP and 7-AAD were detected at 507 and 660 nm, respectively. Each construct was assayed three times (n = 3).
Rescue Experiment Using Pifithrin-α. Six hours after transfection, T47D cells were incubated with a previously optimized concentration of 40 μM pifithrin-α (Cayman Chemical, Ann Arbor, MI) for 42 h and compared to transfected cells without pifithrin-α. At the 48 h time point, the 7-AAD assay was performed as above.
Rescue Experiment Using Pifithrin-μ. Six hours after transfection, T47D cells were incubated with a previously optimized concentration of 5 nM pifithrin-μ (Tocris Bioscience, Ellisville, MO) for 42 h and compared to transfected cells without pifithrin-μ. At the 48 h time point, the 7-AAD assay was performed as detailed above.
Rescue Experiment Using Bcl-XL. T47D cells were cotransfected with 1 pmol of MTS constructs and 1 pmol of pBcl-XL (Addgene). After 48 h, cells were pelleted and assayed with 7-AAD as described above. Statistical Analysis. All experiments were repeated in triplicate (n = 3). The data were presented as the mean ± standard error. Statistical differences between each MTS-EGFPp53 and its MTS-EGFP were resolved via unpaired t test using GraphPad Prism software. The MTS-EGFP controls were compared to EGFP by one-way ANOVA with Tukey's post test. The degree of colocalization was analyzed using odds ratio with Pearson's Chi-square. A p value <0.05 was considered significant.
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■ RESULTS
Mitochondrial Localization of MTS-EGFP-p53. Mitochondrial targeting of all constructs was verified using fluorescence microscopy. Figure 2A shows representative 1471.1 cells, which are larger in size, spread well, and are generally easier to visualize versus T47D or MCF-7 cells. However, irrespective of the cell line, similar microscopy results were observed in T47D and MCF-7 cells (data not shown). To better illustrate the colocalization of the EGFP fused constructs, PCC values were generated and graphed for each construct ( Figure 2B) . PCC values range from +1 to −1; perfect correlation is represented by +1, anticorrelation by −1, and a PCC value of zero denotes random distribution. 37 Following the example of Bolte and Cordelieres, a PCC of 0.6 or greater will define colocalization, or cocompartmentalization ( Figure 2B ). 37, 40 Fusing different MTSs to EGFP and p53 showed a high degree of colocalization with the mitochondria. EGFP-C1 served as negative control for colocalization analysis, and as expected, there was no colocalization between EGFP alone and the mitochondria. EGFP and p53 tagged to TOM and XL targeted the mitochondria better than CCO-EGFP-p53 and OTC-EGFP-p53. CCO and OTC were the "weakest"
MTSs since there was some nuclear targeting of both CCO-EGFP-p53 and OTC-EGFP-p53. Therefore we mutated K319T and K320T in the nuclear localization signal (NLS) of p53, 20 which resulted in increased mitochondrial targeting for CCO-EGFP-p53 and OTC-EGFP-p53. For easier visualization of colocalization among constructs, a spatial depiction of pixel overlap and intensity correlation are provided in the "Color Map" column ( Figure 2A ). The Color Map spectrum moves from cold to warm colors as pixel correlation increases. 41 Testing the Transcriptional Activity of MTS-EGFP-p53. To demonstrate the lack of transcriptional activity of these p53 constructs, a p53 reporter dual luciferase assay was performed in T47D ( Figure 3A ) and MCF-7 cells ( Figure 3B ). T47D cells contain a mutation in p53 (in the DBD which renders it inactive) that is also localized in the cytoplasm 42, 43 while MCF-7 cells express wild-type p53 mislocalized to the cytoplasm. 44 TOM and XL fused to EGFP-p53 showed no nuclear activity in either cell line. CCO-EGFP-p53 expressed similar transcriptional activity to EGFP-p53 (positive control) in T47D ( Figure 3A ) and significant activity in MCF-7 ( Figure 3B ) compared to the EGFP negative control. Introducing NLS mutations (K3319T and K320T) in CCO-EGFP-p53 resulted in major reduction of nuclear activity in both cell lines. OTC-EGFP-p53 showed low transcriptional activity in MCF-7 ( Figure 3B ) and a significant activation in T47D cells ( Figure 3A) . Surprisingly, introduction of NLS mutations into OTC-EGFP-p53 did not result in any changes in nuclear activity in either cell line ( Figures 3A and 3B) .
The Effect of MTS-EGFP-p53 on Early Apoptosis (Caspase-9). In this paper we focused on T47D cells because they are more resistant to apoptosis compared to MCF-7 cells. 45 The apoptotic potential of p53 fused to different MTSs targeting the mitochondrial matrix, outer, and inner membranes was 38,39 All constructs with values higher than 0.6 are considered highly colocalized with mitochondrial stain MitoTracker Red. Statistical analysis was performed by using odds ratio with Pearson's Chi-square. The adjusted odds ratio for PCC value of 0.6 was compared with each sample. *p < 0.05, and **p < 0.01 comparing odds ratio of lowest value for samples with odds ratio of 1 for PCC of 0.6. evaluated via caspase-9, TUNEL, annexin-V, and 7-AAD assays. Caspases are a group of proteolytic enzymes that are directly involved in apoptosis by cleaving proteins such as lamin and PARP. Its inactive form procaspase-9 is activated through cytochrome c release and APAF-1 which occurs after mitochondrial outer membrane disruption (known as the intrinsic apoptotic pathway). 46 Caspase-9 itself cleaves the peptide sequence LEHD, which was used in the caspase-9 assay to measure the intrinsic apoptotic pathway. 47 Only EGFP-p53-XL (p < 0.05) and OTC-EGFP-p53 (p < 0.05) were significantly different from their corresponding MTS-EGFP controls as shown in Figure 4 .
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The Effect of MTS-EGFP-p53 on DNA Fragmentation. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was measured to detect DNA fragmentation by labeling the terminal end of nucleic acids. DNA fragmentation is a hallmark of apoptosis and is generated by caspase cleavage. 48 Figure 5 illustrates that EGFP-p53-XL and CCO-EGFP-p53 are the only constructs that were statistically significant from their control MTS-EGFP. Constructs with mutations in the NLS of p53 did not differ from constructs without mutation (see the Supporting Information: S1). Staurosporine, which activates caspase-3/7 and leads to DNA fragmentation, 45 served as a positive control.
The Effect of MTS-EGFP-p53 on Plasma Membrane. The effects of the mitochondrial constructs were further explored by analyzing externalization of phosphatidylserine and cell membrane rupture. Annexin-V was used to detect the externalization of phosphatidylserine on the cell surface of apoptotic cells via flow cytometry. 49, 50 In the majority of healthy cells, the plasma membrane expresses phosphatidylserine on the cytosolic surface while in apoptotic cells, the phosphatidylserine is transported to the outer surface, which allows labeled annexin-V to bind. 51 All MTS-EGFP-p53 constructs showed a significant effect on inducing apoptosis compared to their corresponding MTS-EGFP controls in T47D cells ( Figure 6 ). In addition, EGFP-XL was the only construct that showed minimal activity similar to the nontoxic EGFP negative control ( Figure 6 ).
To further validate the effect of mitochondrial p53 on late apoptosis, the 7-AAD assay was performed via flow cytometry ( Figure 7 ). The 7-AAD fluorescent marker cannot stain the DNA in healthy cells due to inability to penetrate an intact cell membrane. 52 However, it is able to stain the DNA in apoptotic and necrotic cells because of their disrupted membrane. 53 Similar to annexin-V results, all mitochondrial p53 constructs showed significant 7-AAD intercalation with DNA compared to their MTS-EGFP controls ( Figure 7A ). In addition, EGFP-XL was the only construct that showed similar activity to EGFP alone ( Figure 7A ). In a cell line that is less resistant to apoptosis such as MCF-7, 45 EGFP-p53-XL is the only construct that was . The activation of caspase-9 was analyzed 19 h following transfection of T47D cells. All constructs were corrected to untreated control, which is set at 100%. Statistical analysis was performed by using unpaired t test. *p < 0.05 for MTS-EGFP-p53 compared to its MTS-EGFP. Figure 5 . T47D cells were tested 48 h following transfection. DNA fragmentation was analyzed with the TUNEL assay. All constructs were corrected to staurosporine positive control, which is set at 100%. Statistical analysis was performed by unpaired t test. *p < 0.05 for MTS-EGFP-p53 compared to its MTS-EGFP. significantly different from its MTS-EGFP control ( Figure 7B ). In MCF-7 cells, there was no statistical difference between p53 fused to TOM, CCO, or OTC and their respective MTS-EGFP controls ( Figure 7B ). Mutating the NLS of p53 in MTS-EGFPp53 had no effect on 7-AAD permeation in both cell lines except with CCO-EGFP-p53 in T47D (see the Supporting Information: S2). In addition, EGFP-XL showed no activity similar to EGFP alone in MCF-7 ( Figure 7B ). Similar to annexin-V, EGFP-XL was also the only construct with minimum activity as EGFP alone in T47D cells ( Figure 7A ). Investigating the Apoptotic Mechanism. Apoptosis resulting from p53 transcriptional activity of our mitochondrial p53 constructs was examined via a pifithrin-α rescue experiment. Pifithrin-α is a small molecule that inhibits p53-mediated transcriptional activity. 54, 55 The effect of pifithrin-α was measured in a 7-AAD assay ( Figure 8A ). As expected from the transcriptional activity data, the apoptotic effect of EGFP-p53 fused to either CCO or OTC was reduced significantly after pifithrin-α treatment. In addition, there was no impact on the apoptotic potential of EGFP-p53 fused to either XL or TOM ( Figure 8A ). In order to investigate p53's apoptotic mechanism in the mitochondria, pifithrin-μ was used in a rescue experiment in the 7-AAD assay. Pifithrin-μ is a compound that reduces the binding affinity of p53 to the antiapoptotic proteins, Bcl-2 and Bcl-XL. 56, 57 Pifithrin-μ had a significant impact on the apoptotic potential of p53 fused to both XL and OTC ( Figure 8B ). However, apoptosis caused by p53 fused to either TOM or CCO was not rescued by pifithrin-μ. In addition, all the MTS-EGFP controls were not altered in this rescue experiment (see the Supporting Information: S3A).
The apoptotic mechanism was further explored by overexpression of the antiapoptotic protein, Bcl-XL. The cells were then analyzed in the 7-AAD assay via flow cytometry. Bcl-XL had a significant effect on reducing 7-AAD positive cells treated with EGFP-p53 fused to TOM, XL, and OTC ( Figure 8C ). Cells treated with EGFP-p53-XL showed the most significant reduction in 7-AAD when cotransfected with Bcl-XL. Meanwhile, Bcl-XL had no effect on cells transfected with CCO-EGFP-p53. In addition, all the MTS-EGFP controls were not altered in this rescue experiment (see the Supporting Information: S3B).
■ DISCUSSION
The tumor suppressor p53 was targeted with different MTSs in order to investigate its optimal mitochondrially triggered apoptotic pathway. We hypothesized that it might be possible that sending any protein (even EGFP) to mitochondria could be "toxic" to cells by disruption of mitochondrial function. Fusing p53 to MTSs targeting the mitochondrial outer membrane, inner membrane, and matrix did indeed result in apoptosis. However, sending even EGFP to the mitochondrial matrix (OTC), the inner membrane (CCO), or the TOM complex (TOM) perturbed mitochondrial stability as evidenced by the apoptotic assays. Only p53-XL was capable of inducing mitochondrial apoptosis exclusively via mitochondrial p53/Bcl-XL pathway.
Directing EGFP to the matrix and inner membrane via OTC and CCO, respectively, resulted in late stage apoptosis. This shows that fusing EGFP to OTC or CCO has a toxic effect on the mitochondria. We speculate that sending EGFP to the mitochondrial matrix and inner membrane could cause an imbalance in the sensitive mitochondrial system due to import through mitochondrial membranes. On the other hand, targeting EGFP to the mitochondrial outer membrane using TOM and XL shows minimal toxicity with XL but significant toxicity with TOM. Since EGFP-XL is directed toward Bcl-XL 58 on the surface of the outer membrane, 29−31 it is not expected to become imbedded into the mitochondrial membrane. Conversely, the TOM-EGFP may interfere with TOM20 involved in mitochondrial import machinery. 18, 59 The TOM complex is responsible for importing proteins across the mitochondrial outer membrane. TOM20 is one of the receptor subunits in the TOM complex. 60, 61 Perhaps fusing any protein to the MTS from TOM20 might affect the sensitive import mechanism.
As p53 is a nuclear protein, the MTS fused to it will compete with the protein's nuclear localization signals (NLSs). p53 contains three NLSs; the most active of them is located at residues 305−322. 20 The nuclear import of large proteins is dependent on the availability of a NLS. 62−64 To prevent the nuclear targeting of our constructs, we introduced mutations (K319T and K320T) in the strongest NLS of p53. 20 Colocalization data and p53 transcriptional activity assay showed an increase in mitochondrial targeting and a decrease in p53 nuclear activity after the introduction of the NLS mutations in CCO-p53. According to our colocalization data, CCO-EGFP showed the lowest mitochondrial targeting compared to the other MTS-EGFP (Figure 2) . The weak mitochondrial CCO signal explains the high transcriptional activity when fused to p53 without NLS mutations (Figure 3) . The strong NLS in p53 competes with the relatively weak MTS from CCO and shifts the distribution to the nucleus. After mutating the strong NLS, the CCO MTS was also in competition with the other weak NLSs in p53, 20 which may explain why the CCO-p53 NLS mutation still showed transcriptional activity (Figure 3) . However, the mutations did not have any effect on the mitochondrial targeting or nuclear activity of the TOM, XL, and OTC constructs. EGFPp53 fused to TOM and XL showed minimal nuclear p53 activity presumably due to their strong mitochondrial signals. Introducing NLS mutations to p53 fused to TOM or XL did not show any reduction on the already low transcriptional activity (Figure 3 ). On the other hand, OTC-p53 showed significant p53 nuclear activity but was not reduced upon NLS mutation (Figure 3 ).
In addition, the nuclear activity of MTS-p53 differed between MCF-7 and T47D. These differences might be due to variability in proteins involved with p53 transcriptional activity, mitochondrial shuttling, or number of mitochondria in each cell line. In MCF-7, all MTS-p53 constructs (with or without NLS mutations) showed minimum transcriptional activity except for the CCO-p53, which had half the activity of wild type p53 ( Figure 3B ). However, in T47D cells all MTS-p53 constructs showed generally higher nuclear activity than in MCF-7, especially CCO-p53, which showed the same nuclear activity as wild type p53. CCO-p53 NLS mutation and OTC-p53 (with and without NLS mutation) showed fifty percent transcriptional activity in T47D ( Figure 3A) .
Even though the NLS mutations increased mitochondrial targeting of the CCO-p53 construct, it did not have any effect on increasing the apoptotic potential. This was also the case for NLS mutations in all other constructs (see the Supporting Information: S1 and S2). CCO-p53 was significant compared to its CCO-EGFP control in TUNEL, annexin-V, and 7-AAD assays. Since CCO-EGFP showed cytotoxicity, the increase in apoptosis when attached to p53 was likely due to nuclear p53 activity. This is reflected in our luciferase assay (Figure 3 ) and the rescue experiments with pifithrin-α, pifithrin-μ, and Bcl-XL (Figure 8 ). The apoptotic activity of CCO-p53 was reduced in the pifithrin-α (an inhibitor of p53 transcriptional activity) rescue experiment. However, it was not rescued by either overexpression with the antiapoptotic Bcl-XL or incubation with pifithrin-μ (an inhibitor of p53 binding to Bcl-2 and Bcl-XL). 56, 57 This demonstrates that CCO-p53 does not initiate p53/Bcl-XL specific apoptosis.
OTC-p53 also showed transcriptional activity. In addition, OTC-p53 exhibited significant caspase-9 induction, and late stage apoptosis compared to its cytotoxic OTC-EGFP control. To examine if the increase of activity was due to nuclear or mitochondrial p53, the rescue experiments (with pifithrin-μ and Bcl-XL) were conducted and showed reduction in programmed cell death (Figure 8 ). This indicates that apoptosis was likely initiated through p53 binding to Bcl-XL and Bcl-2. In addition, the transcriptional activity data demonstrates that OTC-p53 has activity in both the nucleus (rescued by pifithrin-α) and the mitochondria (rescued by pifithrin-μ and Bcl-XL). Even though OTC directs p53 to the mitochondrial matrix, p53 is still able to interact with Bcl-XL and Bcl-2 proteins on the outer membrane. This could be due to cleavage of the MTS by endopeptidase, which enables p53 to target the outer membrane.
3,10
Instead of targeting the protein to the matrix and then translocating it to the outer membrane, as was the case for OTC, we fused EGFP-p53 to TOM to directly target the outer membrane. Direct targeting of the outer membrane with TOMp53 was able to initiate apoptosis (annexin-V and 7-AAD) robustly compared to its TOM-EGFP control. Interestingly this increase in apoptosis was only rescued when Bcl-XL was cotransfected but not when pifithrin-α or pifithrin-μ was added (Figure 8 ). The pifithrin-α rescue experiment indicates that TOM-p53 has no transcriptional activity. We speculate that TOM-EGFP-p53 is binding to proapoptotic Bak and enhancing its oligomerization, which disrupts the mitochondrial outer membrane. 13, 14 Bcl-XL forms a heterodimer with Bak and prevents Bak homodimerization. 14, 65, 66 Therefore, when Bcl-XL is overexpressed, it competes with TOM-p53 in binding with Bak and hence reduces apoptosis. Since pifithrin-μ reduces the binding of p53 to antiapoptotic Bcl-XL and Bcl-2 and has no effect on binding to Bak, it did not show reduction in programmed cell death for TOM-p53.
In an effort to directly target the p53/Bcl-XL pathway, we fused XL to EGFP-p53. Directing p53 to the mitochondria via XL showed significant caspase-9, TUNEL, 7-AAD, and annexin-V activity compared to its EGFP-XL control. This apoptotic response was not due to transcriptional activity of p53 as shown in the luciferase assay data (Figure 3 ) and the pifithrin-α rescue experiment ( Figure 8A ). However, the apoptotic response was due to the p53/Bcl-XL pathway. To confirm this interaction, rescue experiments using pifithrin-μ and Bcl-XL were conducted and showed reduction in apoptosis ( Figures 8B and 8C ). In addition, the EGFP-XL control showed no toxicity compared to the other MTS-EGFP controls especially in MCF-7 cells (Figures 6 and 7) . This data demonstrates that sending p53 to a specific protein (Bcl-XL) in the mitochondrial outer membrane causes p53-specific apoptosis. Table 2 is a summary of the results and speculation from this work.
In summary, efficiency in targeting the mitochondria depends on the strength of the MTS. In the case of targeting proteins containing relatively strong NLSs such as p53 (residues 305− 322), 20 mitochondrial targeting can best be achieved by using strong MTSs to counter the NLS. In this study, relatively weaker MTSs are not efficient enough to compete with the strong NLS in p53. In addition, protein targeting to the mitochondria disrupts the sensitive balance in the mitochondria, which initiates intrinsic apoptosis. Except for EGFP-XL, all mitochondrial constructs had apoptotic effects. We conclude that p53-XL was the most specific to the p53/Bcl-XL mitochondrial pathway.
Our data shows that not all mitochondrial targeting signals are optimal for mitochondrial induction of apoptosis with p53. In conclusion, specific binding of p53 to mitochondrial Bcl-XL (and hence apoptotic activity) is best achieved by directly targeting p53 to Bcl-XL via the XL MTS. This work therefore provides a mechanistic explanation and provides additional speculation toward the understanding of mitochondrial p53 apoptosis. Our future goal is to employ the p53-XL construct as a therapeutic in vivo using viral delivery. Ultimately, p53-XL gene therapy is expected to be beneficial for other types of progressive cancers that currently have no effective therapy.
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